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FOREWORD

These Proceedings contain the papers presented at the Twenty Secoond Annual Precision
Time and Time Interval Applications and Planning Meeting. The meeting was held at
the Sheraton Premiere in Tysons Corner, Virginia this year. A good attendance at the
mcetings and the banquet was an indication of the continuing interest in the field. We had
a number of invited papers, some of which are included in this proceedings. A few papers
are missing because they were not received in time for publication or were withdrawn from
publication by sponsors. The question and answer periods following each talk are included
as usual.

This is the second year that we have had a Poster Session. Acceptance of this session was
uniformly positive, both by attendees and by presenters. The advantage of this session is
the one-on-one interaction between the presenter and the attendee.

The Hydrogen Maser Workshop, organized by Jacques Vanier, and the Environmental
Effects Session, organized by Helmut Hellwig, were outstanding successes due to the efforts
of these two gentlemen and to the interest in these aspects of the field.

There were 251 registered attendees, very high for an East Coast meeting.

The objective of these meetings is to provide an opportunity for program planners to meet
those who are engaged in research and development and to keep abreast of the state-
of-the-art and latest technological developments. At the same time, they provide an
opportunity for engineers to meet program planners.

The success of these meetings depends on the efforts of the Program Chairman and the
individual Session Chairmen and the organization of the entire meeting by the Chairman
of the Executive Committee. Without their unstinting labor, such meetings could not be
held.
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KEYNOTE ADDRESS
THE PAST, PRESENT AND FUTURE OF ATOMIC

TIME

Norman F. Ramsey
Harvard University

Cambridge, MA 02138, USA

Abstract

The early history of atomic time and frequency standards is reviewed. The most accurate and stable
present standards are described. Prospective future improvements are discussed, particularly those with lascr
cooling and with trapped ions and atoms.

THE PAST

T!e first successful magnetic resonance experpments were those of Rabi and his associates' 2 with
molecular beams in 1938. The ifitial experiinnts measured the interactions of nuclear magnetic
moments with external magnetic fields, bi iadiofrequyncy spectra were boon obserxed that depended
on internal interactins witn molecule raom . Some of the radiofrequency spectra lines weic

almost independent of external-condition s and could therefore be used as the highly stable periodic
component of an atomic clock6i RaLi, Zwclarias and Ramsey-at Columbia discussed the possibilit 'Y _
of atomic clocks at Columbia aseifly as 1939 and Rabi discussed these ideas publicly in his 19-13
Richtmeyer-Itfire to the American Physical Society; the first published descripion of atomic clocks
was the New York Times article based on this lecture.

In 1949 Ramsey8'9 invented the separated oscillatory field method which pro- ided narrower rebonances,
eliminated first order Doppler shifts and uas useable at much higher frequencies. In 1952 Kusch, Lyons
Sherwood and others" did some initial work on a separated oscillatory field atomic cesium clock, but
the work was soon discontinued. In 195-1 Zacharias'1 stimulated renewed interest in an atomic cesium
clock and began 12 the development of a commercial atomic cesium clock. The first atomic beanm
apparatus extensively used as an actual frequency standard was constructed in 1955 by Essen and
Parry13 . From 1956 on atomic frequency standards developed rapidly vith major contributions coming
from a number of laboratories in many different countries '. Stabilities and accuiacies of about 10-
have been achieved with atomic cesium clocks1

4 and the second, by international agreement, has becit
defined as the duration of 9,192,631,770 cesium periods.

Concurrent with the advances in atomic beam clocks, a number other atomic and molecular clocks Wcme
developed 7 . Microwave absorption dcices using molecular resonances, such such as the Nil3 inversion
transition, were developed by 'Toines and others7 . Later T'ownes' discoveed the maser princi)le and
developed the ammonia maser which operated well but lacked the stability to be conipetitive.

The combination of Kastler's optical pumping technique' a with Dicke's use of buffer gases 17 lo ided
strong oscillations free from first order Doppler effects, so optically pumped mubidiun can be used a.s



a frequency standard. Although other atomic clocks have greater accuiacy and stability, rubidium
clocks are frequently used since they are much lighter and less expensive.

The atomic hydrogen maser was invented by Kleppner and Ramsbey l and a inmber of scientists

contributed to its improvement. In the hydrogen maser, atoms in the higher hyperfine state of atomic
hydrogen are stored in a teflon coated bottle inside a tuned microwave cavity wheie by stimulated
emission they emit coherent highly stable microvwave radiation. The stability of a hydrogen mnaber cai
be better than 10- 15 over several hours.

Townes and Schawlow' first pointed out the possibility of applying the maser piiliciples at inflaled dhd
light frequencies and the first successful laser uas made by Maiman20 . Since then las i developments
have occurred at a rapid pace with dramatic improvements in frequency range, power and stability.
Major advances came from the suppression of first order Doppler shifts by such techniques a.- two
photon absorption spectroscopy7 and from the dexelopment of successive chains of laser frequenicies
so that the laser frequencies could be calibrated in terms of cesium.

In recent years a number of major new techniques for trapping and cooling ions have been developed
including cooling by collisions with inert gases such as lie, laser cooling and sympathetic cooling.
Likewise techniques for trapping and cooling neutua attru6 hate deeloped at a rapid pace including
slowing of atoms with a laser beam, laser trapping of atoms, laser cooling and optical molasses. Sint.e
most of these developments hold great promnise for the future but are not yet incorporated into cureimt
clocks, they will be discussed later in the section on the future.

THE PRESENT

At present different atomic clocks can be chosen to fit the need. When hig! stability is not required,
optically pumped rubidium cells can be chosen for their low cost, small b.,e and light weight; such
cells are stable to 10-_ 1 over a one month period and more stable for shoimr periods. When gleatel
accuracy and stability is required, cesium beam tubes are usually used; th -y are accuiate to bettcl
than 10-13 over extended time periods. For the highest stability requilements, as in long baseline
radio astronomy and navigation in outer space, hydrogen ,,:aserb are often required; they are stable
to better than 10" s over several hours. When optical frequencies need to be measured lasers must
be used even though they are not yet absolute standards.

THE FUTURE

Niels Bohr once said, "It is always difficult to make predictions, esuecially predictions about the fu-
ture". Long range predictions in a rapidly developing field like that of.. "'ate timingy are particulal13
unreliable because unanticipated new ideas usually occur and greatly chant,. ...... . Sholt term
predictions are usually much better because they depend mostly on developk,.....ta that hate already
partially occurred. I shall devote most of this section to describing current :,lani and recenu research
developments which have particularly promising implications for die future ..id which are the essential
ingredients to rational predictions of both the near and Jstant futures.

Many improvements are being developed or are in prospect for the atomic Jlocks currently used. Foi
example, the simple and low cost optically pumped atomic oscillators ,tre being immil)oed by the use of
different atoms, by suitable wal coatings % hich permit tile omilissioi of buffer ge.s 7 amld by cominbiing
optical pumping techniques with those of atom trappig and cooling.
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A number of improvements can be made on the next generation of ac -urate atomic beam frequenc
standards21 24 . Instead of state selection by deflection with inhoi.. ,gekous magnetic fields, the atoms
maylbe optically pumped to the desired state. The.ends of the separated oscillatory fields cavities can
be designed: to minimize distributed cavity phase shift23 and an axial magnetic field ma) be chosen
to-minimize-Rabi and Ramsey pulling23 . Beam reversal can be Lu. d to evduate any remaining phac
shift-between the two oscillatory fields and the excitation can be ,,Lh counter propagating waves 2t 1.
Although cesium is the atom currently most frequently used in atomic beani frequenty standards, othl
atoms such as Mg are being investigated. Higher excited states may :,!so be used to obtain atomic
beam frequency standards at higher frequencies. The atoms in an atomi ni i..i, be laser cooled to
reduce the second order Doppler shift. Many of the laser cooling and .. , _.xperimetits discussed
below are combined laser and atomic beam experiments. Un.. d:t *i . scond order Doppler
shift can also be reduced by velocity selection of the beam, but .. -" c ,. serious reduction in
beam intensity.

Many atomic clocks, such as cesium beam tubes, have much better lo. , terin accuracy than short
term stability in xhich case the shorter term stability of the clock can i,, .. y ira')roved by suitably
coupling it to a fl wheel oscillator with high short term stability. Crys' "':atoi., for example, can
be used for the fly wheel oscillator. Very high Q cavities are good for this , arrose and s uperconducting
e&vities are particularly promising since they are highly stable. Circuits wTim either optikal or electrical
:cdback from a high Q cavity markedly diminish the noise and increase the short term stability.

Consideration is even given to the possibility of using a hydrogen maser as a t:y wheel oscillator.

Possible improvmc..s for the hydrogen mraser2  include more stable tuned cavities, electi .nic eavity
tuning, operation at low temperatures, operation in a passive mode and .ew confinement surfaces,
such as superfluid 4He or Fomblin oil. Superfluid helium surfaces have the advantage tiiat they are
reproducible since the superfluid heliam covers all impurities and does not change its character sith
time.

Infra-:ed and optical frequency standards can be improved by the use of narrower li..es, by the
adaptation to optical frequercies of the separated oscillatory field methods, uy improved frequency
chains to compare different frequency stadards and by ":,, ,arious ion and atom trapping aid cooling
techniques discussed below.

Dehmelt 26'27 first used electromagnetic ion traps in radiofrequency resonance studies. Penning traps
overcome the limitations of the Earnshaw theorem by confining the ions in one direction with an
inhomogeneous electric field and in the two other orthogonal directions with a _.ni!ormn magnetic field.
Alternatively, suitable inhomogeneous electric fields can proxide focussing in all three directons in
Paul or radiofrequency traps which alternately provide focussing and defocusing in each direction
but with an average focussing in all directions. Ion traps have the advantage that the ob.erved
transition frequencies are approximately independent of the trapping fields. Originally the trapped
ions had high kinetic energy (approximately 1 eV) and excessively high second order Doppler shifts.
However, Piestage, Dick and Maleki 8 have used a hybrid rf/dc linear ion trap which permits storage
of large numbers of ions uith reduced susceptibilit to the second order Doppler effect caused by the rf
confining fields. Alternatively, Cutler29 , DehmelO9 and others'3 0 ' have obtained promising frequency
standards by cooling trapped "I 11g ions to 300K by collisions with low pressure helium gas.

Laser cooling, as proposed by Wincland and Dclhmelt 27 ,12 aid by Hlansch and Schawlow" 3, can go to
even much lower temperatures by shining intense laser light at the frequency of an allowed optical
transition onto a trapped atom or ion slightly belowN the resonanct frequency so the light pressure
by the first order Doppler shift is greatest on the ion when it is approaching the light. Dehmmel t "
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